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CHAPTER I

INTRODUCTION

The introduction of solid s.ate arrays wili have a major

impact on at least three areas of semiconductor electronics:

1. As an analogue shift register or delay line

2. As a serial memory for binary data storage

3. As a solid state imaging device.

Imaging arrays have attractive military applications to terminal

missile guidance, fire control, image reproduction, target or

pattern recognition and similar areas.

Solid state cevices (SSIDs) are attractive in many areas

because arrays of charge coupled elements can be operated without

the electron beim scanning mechanism and high-voltag* vacuu tech-

nology of conventional vidicons. Most devices are compatible with

othew MOS devices or bipolar technology which might be used as

peripheral circuitry, whether it be signal processing, clocking

wa-eshapes, external amplifiers, or encoders.

One popular imaging device which shows much promise in state-

of-the-art imaging is the charge coupled device (CCD). The CCD

operates by z mechanism of charge storage and t-ansfer of these

packets of minority charge, which represent analogue or semi-analogue

signals from under an array of MOS control gates. Information in

this form is then transferred along the silicon surface in clocked

shift register fashion by sequential maipulAtion of the voltages on

the control gates. This transfer takes place in the bulk silicon
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just beneath the silicon surface. There are basically two types of

CUD, surface channel (SCCD) and buried channel (BCCD). In either

case, the minimum potential er-rgy of the depleted wells is deter-

mined by the voltage applied to the gate electrode, so that the

appropriate manipulation of the phase voltages causes the charge

packet transfer along the line, since the charge always moves to the

local potential minimum. One section of a three-phase CCD is shown

in Figure 1 to illustrate the potential well and development of the

charge packet under the control electrode.

Channel-stop VgDi~f f tion.

Electrodes

SP-4- Oxide

Depletion Layer Charga Packet

Figure 1. Section of a Thre-phase CCD.
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In the figure, V represents the electrode gate voltage. Onceg

a charge packet has been produccd on the surface of the device, it

may be transferred along the structure as illustrated in Figure 2.

At time to, a charge packet is developed under the electrode con-

trolled by 02, which has an applied voltage of +V . At this samecc

time, electrodes 0, and 0, are maintained at the resting potential,

+Vas

At time t,, the electrode controlled by *3 is pulsed to ct

producing a potential well under the control electrode. Since the

electrodes ara ilsley spaced, the charge be-gins to move slowly from

the 02 electrode to the 03 controlled electrode. The voltage on the

02 electrode in then ý.educed to +Vss with a slowly falling edge.

This slowly falling edge provides the finite amount of time necessary

for the charge carriers zo diffuse across the width of the electrode.

Figure 2(c) shows the charge transfer complete at time t 2 , with the

charge stored in the well, or depletion region, under the electrode

controlled by *,. 01 must be kept at a relatively low potential for

this entire time to prevent the backflow of charge. Thus, in a

three-phase device, three array elements, or electrodes, are neces-

sary to store and transfer one charge packet. For this reason,

these three control electrodes are usually referred to as "one

element" of the CCD. This vll be the notation used throughout the

body of this york.

Thus, the electrodes of the three-phase CCD array are arranged

in triplets and are connected sequentially to the drive lines carry-

ing the three-phmwe clocking waveforms, or driving pulses. These

k "I-yj;Jd
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''VC.
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S.....• : .... •2 0....

t 0
(a) Charge stored under 02
_-:- --,€• 0 -e - .-
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o -------
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Figure 2. Charge Packet Transfer.

5e Figure 3. Complete Clocking Waveforms.
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complete clocking pulses are illustrated in Figure 3. It should be

noted that there can be charge under every third electrode in an

array and that application of the clocking waveforms causes these

charges to move simultaneously.
1

The theoretical aspects of charge coupled device operation will

not be deelt with explicitly, as they provide little insight into the

operation parameters of the device in the manner of which they were

examined. However, it is helpful to observe how the potential well

depth is related to the applied gate voltage, and how the charge

transfer time is related to element dimensions. The potentil well

depth may be expressed as

, V - (I +

where

VGg t VG + qe__ (2)
oox

qd s Xox
--B-- (3)

ox

SV -gate voltage

Qss M oxide charge per unit area

Cox W oxide capacitance per unit area

4 W electronic charge in coulombs

N d - substrate doping level in cm-

Cs " silicon dielectric constant in F/cm

- potential well depth
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C - oxide dielectric constant in F/cm
ox

x - oxide thickness in cm.ox

The -well depth is then determined by 4

jV Qi, (4)Cox d

where Cd if the depletion-layer cavacitance, and QBig is the signal

charge. I
The most important figure of merit for a charge transfer device

is the transfer efficiency, n, the fractional part of charge that

is transferred from one electrode to the next. Likewise,ýthe portion

which is not transferred, the transfer inefficiency, or transfer I

loss, is denoted by e. Thus,

n + . (5) 1
Since CCD imaging devices require large numbers of transfers,

7_ e must be very small to prevent excessive signal degradation.

j The transfer efficiency is dependent on two aspects of the

device--the transfer time and trapping effects. The trapping effects

can be minimized by the continuous circulation of a small amount of

charge (-10% of full signal level). This background charge is

generally called "fat zero", and helps to keep the fast states con-

tinuously filled so that no ttates are empty to trap charge when a

full well signal arrives. -:

The transfer time is essentially determined by either thermal

diffusion or fringing field drift. Both of these mechanisms cause

V i
V _ _ _ _ _ _ _ _ _ _
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au exponential decay of charge. The time constants for this decay

determine the efficiency that can be achieved at any particular

clock frequency, since this clock frequency determines the time

available for charge transit.

The time constant for thermal diffuaion can be determined by

physical properties of the gate. The motivation is provided by the

thermal voltage kt/q applied acroos the gate length. The transit

time is therefore

th IL_ L D (6)i u~kt/q

To achieve efficiencies of 99.99% (C - 10-) requires about tan time

constants ( Q e-1). Thus for typical valuea (L - 10um and

D - 10cm2 /sec), efficiencies of 99.99% can be achieved at approxi-

mately 1 MHz. clock rates, assuming thermal diffusion is the only

mechanism responsible for charge transfer. This speed is insuffic-

ient for many applications.

The transfer of charge is also aided by the externally applied

A. voltages in the form of induced fields. The transit time constant

for fringing-field drift is then given by

L 
L 3

Tf=p--n " .2Vox(7

where E is the minimum fringing-field possible, given by

32 r (8)
L L

,, .

•i •i*:•
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V is the applied voltage, x is the oxide thickness, and L is the

gate length. Again, for 10 Pm gates, the thermal time constant is

10" 7seconds. AssumingfU - 400, x - 1000 e, nd V - 10 volts, the

fringing field time constant in 7.8 x 10-9 seconds, or a factor of

13 lower. Thus, for 10 pm gate lengths and low rnubstrate doping,

fringing field drift results in about 10-15 MHz,, operation. Since

T is dependent on L , the increaoe in speed over that possible with

thermal diffusion increases as gate length is decreased. 2

The maximum amount of signal charge, Q, which can be stored

under any one control electrode and transferred within the CCD is

given by:

Q-kCV

where C is the total oxide capacitance of the storage electrode and

V is the voltage sa-ing on the control electrode. At full well, a

constant fraction, k, of this is minority charge, where k Z 0.5 for

typical suriace channel structures.1

The transfer efficiency can be calculated from the relative

magnitude of the residual "trailing" charge AQ to the full charge

packet Q:

TIC _(9)

Q

where TI is the number of transfers. For example, for surface

channel devices e is typically in the range 5 x 10"s to 10-4 (for

medium frequency operation). The values for the T1C product can be

1•I' >i____r"I K ._ II,



9

shown to be necessarily less than 0.1 for maximum bandwidth capa-

bilities of the device to be realized.

For imaging, an optical system focuses the light onto the CCD.
I

The incident light quanta enter the substrate and impart their

energy to the silicon causing the generation of free charge carriers.

Depending on device structure, the quanta may enter between the

control electrodes, through transparent electrodes or, in specially

thinned devices, through the back face of the substrate. The

generated carriers collect as a charge pattern under the array of

f. electrodes. This pattern is a semi-analogue replica of the radiation

of light intensity across the original image. Semi-cnalogue is a

term that will be used to describe the sampled analogue image stored

in the device. The charge pattern can be extracted from the CCD

using the previously described sequential clocking technique by one

of three different types of transfer. It appears as a train of

pulses whose amplitudes vary with the grey scale of the image. The

array is thus self-scanning. 1

Three options of device organization are possible. These are

frame transfer (FT), interline transfer (ILT), and line transfer (LT).

These three options are illustrated in Figure 4. A listing of these

options and design iusues are also given in Table 1.

Frame transfer, which is a low frequency continuous transfer,

and lina step, which is also low frequency but discontinuous, make

up the vertical transfer processes.

The frame transfer orga- 4 ation requires rabstantially more

total device area to accommodate a buffer store, which is a major

" i m' m ~ ln l n -, • . ,- i, , , , I- '. -.• .... .. " '" . . . .. 'i ' ' -' ' .. ... ' " .... . r
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Output Register
Video

/ Output

** Storage
(a) t t Area

Frame Transfe7

Imaging
Area

Output Register

-- low Video

~1~~ Output

(b) j ,Storage Columns

Interline Transfer ti
(AILT) , zImaging Columns

Line Address 
Video

Circuitry Output

(c) . .
--------

,Outpuu

Line Transfer Imaging Register
(LT) I Arer

Area

----

Figure 4. Three Basic Types of Organization for a
Charge-Coupled Area Image Sensor.
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disadvantage compared to the other two devices. Horever, it is

functionally the simplest. The line transfer organication employs

a scan generator. The interline transfer structura requires separate

photosensitive elements and shift registers. The ILT simplicity is a

definite advantage with regard to interlace and vertical resolution.'

In the frame-transfer structure, the top half of tlhe chip is

photosensitive. Field A is formed by collecting photoelectron4 under

the *j electrodes for approximately 1/60 second. This charge con-

figuration Is shifted into the shielded storage register in typically

1/600 second. Field A is then read out a lixe at a time while Field

B is being formed by collecting photoelectrons under the *a elec-

trodes.

In the interline transfer structure, the shielded vertical

readout registers are interlaced with the photosensitive lines.

Because the integrating cells and shift-out cells are separate, the

effective integration time for both Field A and Field B is 1/30

second. After collecting photoelectrons in Field A for 1/30 second,

the charge configuration is shifted into the shielded registers and

down, a line at a time, into the horizontal output register. When

Field A is completely read out (1/60 second), Field B is shifted into

the shielded registers and out. It is important to rate that the

effective integration time for interline transfer structure is twice

that of the frame-transfer structure or lina transfer structure.

Research has been performed by several aerospace companies to

develop trackers which utilize Imaging arrays such as the CCD as

sensors. The Avionics Laboratory, Wright-Pavrsrson Air Force Mae,

N-.,-
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Ohio initiated a profram with the purpose of determining the per-

formance characteristics of array trackers, providing useful test

data to designers anid exploring the potential of this new technology.

Tests are performed on array trackers from three companies:

Honeywell Incorporated, McDonnell Douglas Astronautics, and Martin

MarieLt." Aerospace.

The tisto are perforwmd using & Zoom Optical Targe~t Simulator

(ZOTS), an irstrument designed specifically for testing electro-

optical tracking systems. The ZOTS provides simulated parameters,

buch as brightness, contrast, motion, and range closures. Motion of

the target carriage provided in x, y, and diagonal direction by a

servo control system.

Both the ZOTS and the tracker under test are interfaced into a I
Data Aquisitio:n Syeteem, aud recorded in digital form on magnet--,c tape.

The tape format is 9-track, 800 bpi, and IBM compatible. The run

nuster, run tiae, x and y tracker outputs, ZOTS analogue voltages,

aLd other information are fecorded for each tracker frame.
I t

These data are used in portions of the parameter investigation for

CCD, charge iujectijn cOevice (CID), and photodiode arrays utilized in

target and pattern trackAng.

t.~



CHAPTER II

PROBLEM DESCRIPTION

The problem is three-fold. There is an analysis of data

wbtained from the available trackers, a parameter iavestigation

utilizing these data as well as an extensive literature search, and a

simulation of the CCD utilizing parameter variations. As an exten-

sion of this work the video data are encoded in order to reduce

redundancy incurred. The Huffman coding of run-length sequences

A accomplishes this task eanily,

The analysis task consists of identifying the sources of tracker

error and where possible eliminating the systematic errors. A

thorough investigation of the tracker responses to variations in the I
parameters in question is accomplished as well as the removal of

system errors, revealing the actual tracker error.

Since the data are stored on 9-track magnetic tape, a program

written to retrieve the data and transform the information into a

usable form is utilized. The words are converted to a usable length

and manipulated on the available Univac 1106 Multiprocessor Facility.

A major portion of this work is, however, dedicated to the identi-

fic~tion of these error sources and systematic errvr removal.

The results are used as a partial source of parameter study

for the second portion of the study,

A synopsis of the computer software used in the error analysis

is available in Appendix B of this text. -"
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Several parameters are considered and trade-offs examined to

evaluate the performance and establish the practicality of the SSID

as a tracking sensor. There are several optical characteristics of

the device itself that are significant. For example, polysilicon,

which is used extensively to form the optically transparent electrodes.

does provide some optical attenuat 4 -n. Also, when multilayers of

polysilicon electrodes are employed, as is the case in the manu-

facture of some devices, it is possible that the layers may act as

ant undesirable filter.

From a systems standpoint, there are a number of considerat9.ons

that affect the eventual design decision, The close coupling of the

photo elements, which is vital for the required charge transfer, to

an output detector creates the atmosphere for a blooming problem.

A heavy optical overload results in blooming; in fact, a small

intense spot can create a disturbance tis extensive as to cover the

entire sensor. Partial cures for this blooming are proposed and

evaluated for the tracking or imaging application.

A conaideration along this same line is thAt ot the intensity

of the target and the background field of view. Besides the danger

of high intensities causing blooming, there is the lower limit on

target intensity which permits detection by the sensor or tracking

algorithm. This means that there must be a significant difference

between the int-nsity of the target and the intensity of both the

background and the noise inherent in the device itself.

Inherent noise can degrade system performance while tracking.

It develops in the following manner. If the object moves from one

-4.0
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active element or group of active elements to another, and if the

amount of charge generated and stored in the second element or group

is not comparable to that of the preceding element or group, the

sensor might misjudge the direction of travel of the target, or

lose the target altogether. Nonuniformities of this type are

usually caused by limitations in the manufacturing process for the

device.

The largesL single ctuse of nonuniformity in sensor output is

due to material properties. The generation of photo electrons

varies according to the homogeneity of the bulk material in which

the photons are absorbed. As devices get smaller and more dense

the photolithographic process used in fabrication becomes a limiting

factor. Irregularities become dependent on the irregularity in the

geometry of the sensing cells. Many companies have thus gone to

electronbeam lithography to provide smaller dimensions in cell size

and intercell spacing.

The amount of nonuniformity which can be tolerated is, of

course, dependent on device utilization. In tracking, as will be

shown later, the nonuniformities only become a valid concern when

contrasts and irradiances approach extremes. If inherent noise is

Dresent, schemes must be employed to reduce its effect on the video

output of the device. For instance, corrections can be incorporated

in the tracking algorithm or in the external circuitry.

This inherent noise is compounded by the introduction of a

fixed-pattern "noise" on the signal. This fixed-pattern noise

is imposed by an effect known as dark current nonuniformity. ,

1 " : : :," iIrl I I 1••lll ll i I l ~ a nm - -- ,•. q•msm m.• EIIIIIH~t i ll i lmp I ' " -- •'J
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This dark current is thermally generated in the silicon and also

limits the storage time of the CCD. The limitation on storage time

determines the lover limit on scan rate of the sensor. This storage

time is very short at room tempeirature, but cooled devices are

capable of storage times of up to an hour or two.

The scan rate of the sensor determines the maximum imar'e velocity

of a trackable target. The scan rate (data update) must be somewhat

faster than the estimated velocity of the target image across the

face of the device. If not, the target will be lost betweocn frames.

On the upper end of the scan rate, limitations are imposed by the

integration time of the SSID. integration time is a fundamental

property of the device. If the device is scanned faster than the

integration time necessary to adequately describe the scene in quan-

tities of charge, blurring will result, and target definition suffers.

As scan rates and frame rates are increased, two interrelated

quantities become crucial to system performance. These are transfer

time and transfer efficiency. The loss of the small portionzv of

information and the subsequent addition of these residual charges to

trailing elements tend to degrade video output. Therefore, scan

rates must allow for adequate charge transfer. System-vise, highmor

scan rates need wider bandwidth and wide band noise may prove

j undesirable.

Another area of concern is target acquisition. This aspect isa

characteristic of both the tracking algorithm and the device param~e-

tars. Thus, various aspects are interdependent. Vie sensitivity j.

*WNW?
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of the SSID to changes in the background, or the amount of grey

lcvel separation which is attainable, determine how well the target

can be defined and tracked.

Several of the above listed problems are interrelated, and thus

trade-offs are considered. For instance, integration time, scan

rate, target velocity, transfer time, and transfer efficiency are all

interdependent. Likewise, so are intensity, blur, sensitivity,

inherent noise, and blooming effects.

It is necessary to study the extent of each problem as it is

introduced by the device parameters and as it affects system per-

formance. These results can be used to determine corce;tive measures.

The data described previously are used as an experimental basia or

applied starting point for the system e~fects of device parameters.

They are used for analysis and investigation of projected system

performance.

Portions of the projected performance are attained from a com-

puter simulation of the CCD tracker array. The fortran program

utilizis transfer efficiencies, target contrasts, background elimi-

nation, target pattern acquisition and grey level adjustment in each

array element. The simulation provides information as to the

degradation of the picture image as the analogue replica of each

X
scene is clocked from the array, as well as the feasibility of

target acquisition on large arrays. The target acquisitions can

be utilized as a contrast tracker or a pattern recognition scheme.

The program is so xiritten that the information clocked from

the array can be Gncoded directly using Huffman encoding to reduce

S¢.1', •
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scene redundancy as well as the space necessary for information

storage. This portion of the work is backed by previous work done

in the area of redundancy reduction by the coding of run-length

sequences. Any code can be used since the scheme uses the table

look-up procedure for coding.

S~I I
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CHAPTER III

DATA ANALYSIS

Each tracker tested in this study i3 listed in the order in which

the original tests are made. The tracking algorithms are proprie-

tary to the individual companies, and hence, are only discussed in

a limited fashion. The programs used for extraction and reduction

of the data for this study are located in Appendix B. A synopsis

of each of these programs is also given.

TRACKER NIMhBER i, Honeywell Solid State Imaging

Seeker (Photodiodc)

The data from two Honeywell array trackers are available for

investigation. Both utilize the same tracking algorithm, but have

different detector arrays. Tracker Number 1 uses a Reticon 50 x 50

A. array of photodiodes in matrix form. Each cell stores charge in the

p-n junction and is read serially once during each frame.

This device is designed as a terminal guidance seeker for a

shoulder-launched anti-tank weapon. Its tracking algorithw is a

correlation technique utilizing information from a specific number

of array cells in the form of several levels of "grey" or internal

target contrast.

TRACKER NU BER Mo ell , Maic Trackr

Tracker Nunber 2 ulilizes a General Electric 100 x 100 charge

injected device (CID) array. This msuor consists of a matrix of

kII"I~I ~ ~ -' : . " ' ,,I '. • = .. ..+ ... .. .. .. SLS S L ' I S I.::'
+,, h
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coupled MOS capacitors as does the CCD. Each cell is read once per

frame by injecting the charge into the silicon substrate.

The tracking algorithm of this tracker consists of calculating

the mathematical centroid of the target from the classical defi-

nition of the center of mass of a uniformly dense target. This

target tracker uses two-level logic. A present threshold determines

the presence of the target over a particular array element. Thus,

any cell outputting a 1 (as determined by the threshold) is included

in the tactical centroid calculation.

TRACKER NUMBER 3, Martin Marietta Area

Correlation Tracker

This Martin Marietta tracker uses a Fairchild 201 CCD as a

sensor. It is a 100 x 100 matrix of cells as is used in the simu-

lation later on in the text of this study.

The tracking algorithm of this tracker utilizes target signa-
!

turer characteristic of the target and background features within a

fixed segment of the sensor field of view. The tracker stores a

reference target area siguature in memory and derives tracking

information from the comparison of subsequent target signature with

this reference. The target reference can be updated to enable

tracking of relatively fixed targets during range closure. It is

this idea that is utilized in the simulation.

TRACKER NUMBER 4, Martin Marietta Point Tracker

The point tracker once again uses the CCD array as does tracker

number 3, the difference in the two being in the tracker electror ice.
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The point tracker algorithm processea sensor information to dis-

tinguish a target from its background and then calculates the

relative location of the centroid. This tracker determines the

contrast edges of the target anid adjusts tracking to match the

target window with the size of the target.

TRACKER NUMBER 5, Honeywell Solid State

Imaging Seeker (CD

This Honeywell device alw'o uses the General Electric CID

sensor. However, the sensor utilizes a 144 x 288 cell array. This

tracker uses the same tracking algorithm as Tracker Number 1, the

only modifications being to accoimmodate the array's larger size.

The dimensions of the target image on the sensor, the angular

size and the approximate number of sensor cells subtended by the

target are presented in Table 2.

Table 2

Geometric Target Sizes

Tracker Number Target Size Cells Sub tendedj Mils~ Milliradians

1 12 x12 2 x2 3 x3

2 16.4 x16.4 2.7 x2.7 5 x6.5
I3 24.1 x24.1 4 x4 15 x20

4 13.3 x13.3 2.2 x2.2 8 x11

5 7.2 x4.2 1.7 x1 3 x3 -

AX4:
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In order to present the parameter study performed on the three

companies' trackers, an identification and analysis of tracker

error is necessary.

The error analysis is begun by reviewing sample runs and obtain-

Sing plots of the ZOTS position versus time for Tracker Number 1. The

ZOTS position is the true position of the target and is measured in

mils. The time is givan in seconds. The x and y position on the

array sensor are recorded as the x and y analogue outputs. The

computer program TAPEREAD.DRIVEI calculates the sensor error dif-

ference E as

E Z - T (inches) , (11)

where Z is the ZOTS ivdication of "true" target position and T is

the tracker realization of target position.

The calculated error for the Honeywell tracker is plotted for I
investigation in Figure 5. Several tynes of error are evident from

the plot. The error function has an average value which takes on

a positive value during the first pass of the target on the image

surface. When the target changes directions and begins its reverse

pass, the value drops to a slightly negative quantity. This error,

it seems, is due to tracker lag. This tracker lag might not be a
characteristic of the imaging device itself, but an inconvenience

encountered in the use of certain tracking algorithms. The lag

error is evident in all of the trackers, but varies in its extent.

The higher frequancy oscillations represent "electronic noise".
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proportional to the location of the target. Superimposed on these

d. c. voltages is a random "electronic noise", which is interpreted

as "true" target motion by the tracker. This noise is easily re-

moved in the computer analysis by simply obtaining a linear least-

squares fit to the ZOTS output voltage. The removal of this noise

reveals the actual tracker error as pictured in Figure 6. These

results correspond much more closely to the reaction of an "ideal"

tracker. An "ideal" tracker error occurs only between target posi-

tion decisions. The difference error increases from zero until the

tracking algorithm makes the decision that the target has indeed

moved to another cell space or active element. At the predeterminied

time, the tracker output indicates a move and the error drops to

* near zero, where the procedure is itterated; resulting in a sawtooth

waveform whose frequency is given bytI
Sfe vt/d (12)

similar to that of Figure 7. vt is the target velocity and d is

the width of an active element of the sensor. There is strong indi-

cation that this is indeed the case, in part, showing most of the

error to be algorithm oriented rather than sensor oriented.

The other error element encountered in the analysis is that of

calibration factor selection. The calibration factors for scaling

outputs from the ZOTS and tracker determines the amplitude of the

sweep for each. Lack of precision produces a large triangular

component in the error difference as shown in Figure 8. This sae
.,4
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type of error would be evident if a lag in response of the target

to ZOTS positioner, since the target would never cross the full

expanse of the face of the imager. Each case is, however, a

limitation of the test equipment and not of the tracker itself. It

is not considered a restriction on the tracker.

Sample runs for obtaining the tracker error are shown in

Figures 9 through 14. These runs provide illustrations of each

type of error encountered in the tracker parameter analysis. The

Fortran program also provides numerical values for the error dif-

ferences, but an extensive listing would be cumbersome and provide

little extra insight into the abilities of the tracker.

I

11
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CHAPTER IV

RESULTS OF PARAMkrER STUDY

The sources of the tracker test and analysis are a statistical

data reduction program written for the available Univac 1106 Multi-

processor facility and ZOTS data from the laboratory evaluation of

the five solid state imaging arrays. Some of the latter is available

from previous reports and repeated on the local facility for com-

parison purposes. The minimum and maximum values of E. are used to

determine if loss of track occurs in each run. Loss of track is

defined to have occurred when an extreme value of E.is significantly

greater than one-half the appropriate x or y dimension of the target

image on the sensor. Since the trackers have no provisions for

reacquisitio'n of the target, such occurrences are also defined as

loss of track.

The data shown in Tables 3 through 7 provide an analysis cof

tracker accuracy of the five trackers as a function of irradiance of

the tracker lens. These dataare used to determine the irradiance

range over which each tracker can successfully track. The upper

irradiance level is chosen safely below the level necessary to

saturate the sensor or cause blooming.. The lowest reported irradiance

level i. defined as the lower limit, which is imediately above the

non-tracking level. x and y motion refer to independent target

motion along that respective axis. The quantity A is the difference :

* K* and CY is the standard deviation, both of which are averaged over

all runs of a particular test series, expressed in millivadiane.
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Tracking accuracies as a function of contrast are shown in

Tables 8 through 12. The contrasts used are defined in the fol-

lowing manner.

C [T100 (13)
LJ

where C is the contrast in percent, L is the measured luminance in

foot-lamberts, and subscripts T and B refer to target and background

respectively.

This test determines the lowest possible photometric contrast

at which each tracker could successfully track.

Tables 13 through 20 present tracking accuracies as a function

of target rate with both irradiance and target contrast variable.

The purpose of this test is to determine the maximum tracking rate

capability of each of the trackers at the extreme limits of the

irradiance and contrast tests, The initial target velocity in array I
cells/second is approximately 60% of the tracker frame rate. At each

irradiance or contrast level, the target rate is increased until

either the tracker ceapea to track or the ZOTS limit is reached.

Rate tests are performed in x, y, and diagonal axes when unrestricted

by ZOTS nonuniformity or test time limitations.

The five trackers prove to be very accurate, reliable and to

have wide dynamic ranges in both irradiance and target contrast.

These capabilities are presented in Table 21. The irradiance capa-

bilities are expressed as the dynamic ranges of successful operation;

since absolute limits may be modified by changes in tracker optics

V ,
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Table 19. Tracking Accuracy Versus y-axis Target
Rate, Tracker No. 4

Error in Milliradians

Irradiance Contrast 16.1 mrad/sec 28.9 mrad/sec

jAWatt/cm2  %A A a

0.211 77.4 0.046 0.158 0.032 0.211

0.0278 82.1 0.071 0.167 0.187 0.191

0.0075 78.5 0.155 0.171 0.134 0.207

0 . 00 5 5a 80.2 0.120 0.236 0.103 0.324

0.211 3.5 0.101 0.177 0.072 0.203

0.214 2.2 -0.089 0.208 -0.063 0.201

0.218a 0.04 0.043 0.164 0.066 0.214

NoteQ: Tracker frame rate, 124 frames/sec

a Adaptive gate disabled

1 i
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Table 20. Tracking Accuracy Versus Target Rate,
Tracker No. 5

Error in Milliradians

Irradiance Contrast Velocity a 0

IJWatt/cm2  % nrad/sec mrad mrad

0.096 92.4 14.9 0.233 0.485

0.096 92.4 15.7 0.288 0.464

0.096 92.4 16.1 0.235a 0.647

0.069 70.5 3.48 0.012 0.537

0.069 70.5 6.97 0 . 1 8 8b 0.488

1.7 4.6 4 . 6 5c 0.258 0.519

Notes: Tracker frame rate, 30 frames/sec

Target motion in x-axis

a Lost track 40% of runs, would not track at 16.6 mrad/sec
b Lost track 20% of runs, would not track at greater

targot velocities
c Would not track at 5.23 mrad/sec

Table 21. Array Trackar C.apabilities

Tracker Frame Rate Irradiance Mn Contrast Max TargetRateINo. (f/sec) Range (I M"/1min) % mrad/sec

1 92.6 10 1.5 -

2 46 12 12.2 >54

3 119 19 2.1 > 36

4 124 26 3.6 > 39

5 30 11 >1.7 16.1

I] I ElL I I ... -- f~ t, • _ ... ..... -- ..." ' " " ' • " • ' ' ' ' - ° ' ' • 'l '

cvr
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and/or frame rate. The maximum target rate for trackers 2, 3, and

4 are not determined due to rate limitations of the ZOTS.

One major advantage of Tracker Number 1 is that it requires no

adjustments throughout the complete series of tests at a given

frame rate. Trackers Number 3 and 4 require adjustments for the

conversion from a high-irradiance range to a low-irradiance range.

Trackers Number 2 and 5 require adjustments for each parametric

change of irradiance or contrast.

The tracking accuracy of a particular tracker (except Tracker

Number 2) is essentially independent of irradiance until the marginal

level is approached. The tracking accuracy is usually degraded by

10 - 20Z at the margiual level. Tracker Number 2 is the only tracker

exhibiting greater errors than 0.36 milliradians or g&eater standard

deviation than 0.63 milliradians under all irradiance conditions.

The accuracies of Tracker Number 2 are much lower and decrease with

irradiance level.

The tracking accuracy of the trackers (excepting Tracker I
Number 2) are less than 0.51 milliradians with standard deviations

of less than 0.54 milliradians for all contrasts. The accuracy is

again essentially independent of target contrast for contrasts above

the level at which the tracker ceases to operate. Tzrcker Number 2

is much lower and decreases with target contrast.

Target rate effects were different for each of the trackers.

Mhe only trackers showing independence to target rates are Trackarr

Number 2 and 5, Trackers Number 1 and 3 showing linear increases in

error with target rate. Tracker Number 4 shows a linear increase

. 'I
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in error in the y direction, buL taLe x-axis error approximately

doubles between the rates of 8.6 and 16.1 mrad/sec. The x-direction

error remains essentially constant for higher velocities. The

maximum target rate capabilities of Trackers Number 1 and 5 are 0.93

times the theoretical value of one cell/frame, except for the tests

at the marginal irradiance and contraut limits, where it drops to

0.40 and 0.27 times the design rate limit, respectively.

Data from Tracker Number 1 indicate the tracking accuracy at a

frame rate of 92.6 is essentially five times that 2t 23.1. Trackers

Number 2 and 3 demonstrate no significant differences at different

frame rates. Lower target velocities account for the increase in

accuracy at the lower frame rate of Tracker Number 1.

At higher target velocities the tracker tracks the target but

lags behind. When the lag arcumaulates to the degree where the

target leads by more than one cell, the target is lost.

r Array response hau som& degree of nonuniformity. This nonuni-

fortity contributes to tracker failure at marginal conditions of

irradiance and contrast. The array used in Tracker Number 1 has a

colmn of "hot" cells and the array of both Trackers Number 3 andI
4 have several irregularly shaped areas of non-uniform cells. Under

extremly low irradiance or contrast conditions, the target is lost

if its image passes over these ares. An operational tracker is

limited by such nonuniformities.

The five trackers using the solid state arrays are extremely

reliable. No failure of any of the tracker's electronics or

I~
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detectors under several hundred hours of testing exhibits promising

performance.

Two of the trackers previously discussed use a 100 x 100 CCD

array (Martin Marietta). With the recent developments in MOS

technology, it seems apparent that the charge coupled concept will

gradually play a more dominet role in the imagery technology.

The parameters which seem to be sensor oriented rather than

algorithm oriented are contrasts and transfer time, or transfer

efficiency. The latter affects the frame or scan rate and thus the

maximum target velocity. The dependence of a tracker on these

parameters depends on what type of tracker is employe , and what

type of target recognition scheme is used.

Several systems are available utilizing acquisition and tracking

algorithms, providing reliable tracking of missile plumes. Here the

missile plum is assumed to have a positive contrast ratio with

respect to the background. However, many cases do not offer such

conveniences. It is desirable to track the target pattern itself,

such as missile body tracking, aircraft tracking, or projectile

tracking. If a system is available capable of such a task, then

the possibility of real-time data reduction car be considered. The

parameters influencing sensor behavior or response evidently coa-

trol the upper limit on tracker efficiency.

A very good idea of how these parameters influence device

behavior, is obtained through investigation of the modulation

transfer functiou. This modulation transfer function describes the

-.A
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response of the CCD to each parameter as a function of frequency.

It is analogous to the frequency response of a network.

Also, aliasing occurs due to the discrete nature ox the

sensor elemerits. In other words, the imaging surface is not con-

tinguous but samples the image plane. Thus, the spatial frequency

respon-_- beyond the sampling limit, or Nyquist limit, is a design

consideration. This characteristic, however, is not as severe as

has been supposed. If it proves to be a problem, it can be removed

by prefiltering or defocussing the Image to render the edges and

lines continuous. ThiL also tends to blur the image and reduce

edge contrast by spreading the energy of the scene elements to

adjacent areas.

If the sensor is to be used to detect subresolution sized

objects, such as point images of stellar objects, it is a definite

disadvantage to have unresponsive intensities in the image plane.

It is preferable then to have the sensors contiguous, or for the

scene to be prefiltered to that degree. However, if sensitivity is

the goal, prefiltering is not advised.

The modulation transfer function (KTF) is the ratio of device

output to input in a particular observation domain. In the frequency

dowain, the Mrr relates the mplitude and phase of a sinusoidal

output to the corresponding sinusoidal input signal. The argument

gives dh phase shift and the modulus gives the attenuation. I
Generally the normalization used is unity amplitude and zero argu-

ment at zero frequency. In the case of a linear system. the MY is

simply the Fourier transform of the impulse response function. In

TII
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the case of a sampled data systewr, such a.ý a CCD. a single input

frequency gives rise to several output frequencies. These additional

signals are multiples and sidebands of all of the multiples of the

sampling frequency. because the additional output signals represent

no additional information the HTF is calculated using the component

of the output having the same frequency an the input. Hence the MTF

becomes simply the frequency response of the system. Here, the

Nyquist frequency becomes the spatial sampling limit.

The HTF is an excellent way of expressing the operational

inaging characteristics of the CCD. The overall MCF of the chip is

composed of three factors:

1. The loss of spatial frequency due to the geometry of the

integrating cell (MTF nteg)

2. The loss of frequency response due to transfer inefficiency

(Mtransfer)

3. The loss of frequency response due to the diffusion of

charge between photon absorption and photoelectron

collection (Mdiff).

1. KrF lte&:

The integration MrF is given by the Fourier transform of the

basic integration cell. For a rectangular cell of length Ax

repeated with periodicity p, i.e., p is cell to cell spacing;

the MHT is

si f mTx

inte& f VAX (14)

pxI
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where fN is the Nyquist frequency. For Ax - p, the first zero

occurs at f - fN - 1/p. For Ax - p/2, the first zero occurs at

f N = 2/p . Figure 15 gives the integration MTF versus normalized

spatial frequency. For the backside illuminated frame transfer

(BIFT) device, Ax & Ay - p, and for frontside illuminated interline

transfer (FLIT) devices, Ax - Ay - p/2.

2. MTFtransfer

During the transfer of A sampled sinusoidal signal along a CCD

shift register, a fraction of the charge e is lost from each of the

samples at each trCnsfar:, and this charge is added to trailing

samples. The effect of this dispersion on MTF is given by

MTFtransfer- exp I -rcne- cos ir.)] (15)

where n is the number of transfers.

Figure 16 shows the transfer MTF versus the normalized spatial

frequency with the nc product as the parameter.

The number of transfers in the x direction is the came for both

frame-transfer and interline-transfer arrays. Therefore, Z.he hori-

zontal MTF degradation due to transfer is the same for both arrays.

The number of transfers in the y direction is greater for the frame-

transfer chip by the amount PNy, where P is the number of phases a~d

N is the number of y-direction cells. Therefore, the vertical MTF
y

for the frame-transfer chip is lower than that for the interline-

transfer chip.

"uI.....
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F ~3. MTF~
3.•dif f

If photons are absorbed within the depletion regions, then the

collection is assumed 100% efficient. However, if photons are

absorbed away from the depletion regions, then the charge configu-

ration will spread as it diffuses toward the depletion regions with

a resulting decrease in MTF.

If photons are absorbed a distance d from the depletion region

and if the diffusion length in the silicon is L,, then the MTF due

to the diffusion of charge is given by

coeh(d/Ll)
•"~diff cosh(d/L) ' (16)

where L"' L 2 + (2nf)

Figure 17 shows the diffusion MTF versus normalized spatial

frequency with d as the parameter.

The responsivity of each photo element is a description of the

efficiency of each cell in converting incident photons to the photo

electrons eventually collected in the potential well beneath the

sensor gate.

The photoelement responsivity is determined by the efficielncy

with which photons are absorbed and the resulting photoelectrons are

collected. Basically four mechanisms act to reduce the photoelemaent

responsivity (Relament)

1. Reflection at layer irterfaces before the photons reach

the silicon.
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2. Aborption in these layers before the photons reach the

silicon.

3. Recombination at the Si-SiO2 interface after hole-electron

generation.

4. Absorption too far away from potential wells for the

photoelectrons to be collected.

Mechanisms 2 and 3 cause a reduction in R in the blue,

element

mechanism 4 causes a reduction in Relement in the infrared, and

mechanism 1 causes interference fringes throughout the spectrum.

Mechanism 1 is mainly responsible for Relement being different for

BIfT and FIIT structures. 6

As previously mentioned, dark current is not completely uni-

form throughout a device. The dark current signature of a device is

obtained by integrating in the dark. If the element-to-element non-

uniformity is N, then the minimum signal that can be detected

will be limited to Ns ANd. If the element-to-element variation

Of Ad is 10 percent, then at room temperature this will limit the

iminikua detectable signal to about 1000 electrons. The dark current

is a strong function of temperature, decreasing by a factor of 2

every 100 C decrease in temperature.

Three-phase charge coupled devices with transfer efficiencies

of 99.99% are available providing operating requencies of up to

10 Hz-. Since aonuniforuitiea are characteristics of the manufactu-

ring process, the parameter of the device itself in need of experi-

mental investigation is this transfer efficiency as it is related to

" ¾-N
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image degradation, target acquisition, tracking and the overall MTF.

In the discussion of the effects of transfer inefficiency on images,

a single element with stored charge Q is observed. This charge is

placed in a well (i - 0), then after N transfers, the distribution

of charge in cells i - 0,1,2,... is given by

D(iN) - ( - i N-i (17)Q (N-i) li!

where a is the fractional loss incurred by the charge packet in

moving from one cell to the next. The phenomenon is illustrated in

Figure 18 for the first two transfers. The fractional loss from the

charge packet after N cell transfers ia given by 1 - D(N,N);

Nloss - 1 - (1 - a) Nt for F/A << 1 (18)

The equation D(N,N) - D(N - 1,N) gives the value of N for which the

first trailing packet and the leading packet have equal amounts of

charge. This value is calculated in the following manner.

D(: t,~: -a cxN-ND(N.N) N- (l N a NN (19)

oD(N,N) - F(1 ) (20)

ND(N,N) - ( O - a) (21)

Likewise,

'2::::.j

S.-
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_ N! (1 )N-i {N-N+1 22
D(N-1,N) - (N-N+I) t(N-(I) 1 - (22)

-CN- I )N-f)i

D(N-1,N) - N (1 N-1 (23)

(N1) I

D(N-1,N) - N(i - a) N-1 a1 (24)

thus,
N N-iD(N,N) , D(N-IN) -> (i-a)N N-(N N(1--Q)N- a (25)

Therefore.
S-N

Na - )- (2b)

No- i-a (27)

N- (28)

For
CI << 1 N. Z /o, (29)

Thus, for every 1/0 transfers, the peak of the charge distri-

bution shifts back one cell, i. e., after 2/0 transfers, the second

trailing packet contains the largest charge quantity. This con-

stitutes a delay in addition to the delay time N/f required toI

clock a packet out of the CCD.#

This development is used to create a simulation of the CCD as

used as an imager for tracking applications. The simulation is a

• .'
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bit more complicated, however, since each cell has some charge

stored in its depletion well. The concept is the same. In order

to illustrate this concept, an image is placed on the 100 x 100

simulated array. The test pattern resembles that shown in Figure 19.

Each cell has a sensitivity to 9 grey levels (this may be changed to

achieve desired results), each level described in Table 22.

Table 22. Grey Level Retponse of CCD

Level Voltage Range Symbol

1 0.0 - 0.2

2 0.2 - 0.3

3 0.3- 0.4 +

4 0.4- 0.5 *

5 0.5 - 0.6 &

6 0.6 - 0.7 X

7 0.7 - 0.8

8 0.8 - 0.9 5

9 0.9 - 999.9 1

The image is clocked from the array with any desired transfer

efficiency or contrast ratio. With a transfer efficiency of 93Z and

the lnterllne-transfer method used, the observed image becomes that

of Figure 20. Note the degradation of the image as well as the

delay encountered. This delay is not related to clock frequency j,,
* r,

'I1"
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other than through the transfer efficiency. WhIen psattern tracking,

to maintain no delay due to charge distribution changes, the trans-

fer efficiency must be well above 99% as illustrated by Figure 21.

Of course, the position of the target on the sensor face does have

some bearing on the target pattern degradation. The amount of

degradation is directly proportional to the number of transfers

necessary to remove the image scene from the sensor. The simulation

removes the image by clocking the cells' up and to the left. There-

fore, the target is more easily found in the upper left-hand corner

than the lower right-hand corner.

The determination of the mirtimum, transfer efficiency for

target recognition begins with the generation of a complicated

background on which to view the target. The pseudo-random back-

ground of Figure 22 provide& possibly worst-case results for pattern

recognition. The output of the program using the target shown in

Figure 23 is tabulated for evaluation in Table 23. The contrast

ratio is set at 0 to on~ce again provide waist-case resultri and

to give an honest feel for pattern tracking rather than positive

contrast track~ng. The target pattern is positioned at x - 50,

y - 50, resulting in approximately 100 transfers for each cell.

The pattern cell tolerance is set at 0.09 volts, giving approxi-

nately one grey level of tolerance. The transfer off icl.ency must,

therefore, be greater than 99.90% in orde~r to maintain track under

these conditions. This efficiency is of course -ý'-endent on several

factors other than placement of the target on the image surface. The

complexity of the target itself is an important factor. The grey

-0 i 7.
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level tolerance of the pattern cll can be raised to provide

tracking or acquisition at lower transfer efficiencies. However,

the possibility of locating a "false" target increases with an

increase in tolerance.

An estimation of the lowest transfer efficiency allowing

acquisition of the target may be calculated for the above situation.

Assuming no addition from preceding charge packets, tole:ance of

0.09 volts And pattern location of x - 50, y - 50 ; the largest

number of transfers is 108 and the value of that cill is 1 volt.

Therefore,

(n) (v) - (V) - (tol) , (30)

where n is the transfer efficiency, N is the number of transfers,

V is the value stored in the cell, and tol is the cell pattern

tolerance. This gives

(n) 108 (1) - 1 - (0.09)

nl08 a 0.91

108 In n - xn 0.91

in n - 9-1 0.91
108

In n a -0.00087

or,

n- 0.99913

-- L
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TARGET PATTERN SIGNATURE

01½0 11½0 101

1 1001½ 1

0 1½k1 1½ 1 0

Figure 23. 8 x 8 CCD Array Used as Target.
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Table 23. Output of CCDSIM.SEARCH

Iteration Output

1 GOOD SEARCH, TRANSFER EFFICIENCY IS 100.00%

THE TARGET WAS LOCATED AT X - 50, y - 50

2 GOOD SEARCH, TRANSFER EFFICIENCY IS 99.90%

THE 1ARGET WAS LOCATED AT x - 50, y - 50

3 GOOD SEARCH, TRASM EFFICIENCY IS 99.98%

THE TARGET WAS LOCAUEM AT x - 50, y - 50

4 GOOD SEARCH, TRANSFER EFFICIENCY IS 99.97%

THE TAROBT WAS LOCATED A x- 50, y - 50

5 GOOD SEARCH, TANSFER EFFICIENCY IS 99.96%

THE TARGET WAS LOCATED AT x - 50, y - 50

6 GOOD SEARCH, TRANSER EFFICIENCY IS 99.95%

THE TARGET WAS LOCATED AT x - 50, y - 50

7 GOOD SEARCH, TRANSPER EFFICIENCY IS 99.94%

THE 'ARGET WAS LOCATED AT x - 50, y - 50

8 GOOD SEARCH, TRANSFER EFFICIENCY IS 99.93%

THE TARGET WAS ,OCATVD AT x - 50, y - 50

9 GOOD SE•ALCH, TRANSFEM EFFICIENCY IS 99.92%

IThL T"ARGET WAS LOCATED AT x 50, y -a50

10 GOWDX SEARCH, TRANSFER EFFI.CIENCY IS 99.91%

THE TARGET WAS LOCATED AT x - 50, y - 50

11 MAD CCD SYST•M--TARGET LOST I ! I I

TUANSFER EUFICIENCY TOO LOW AT 99.90%

LAST AVAILABLE POSITION WAS x - 50, y - 50

Ti01 79mp
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This corresponds to a transfer efficiency of 99,913%, which cor-

responds very closely to the simulation output.

It should be pointed out that the simulation is for interline

transfer. If line--or interline--transfer is used, the num~ber

entered as TREFF is actually the cube of the transfer efficiency

f or a three-phase device since three transfers are made for each

sensing element. For frame- or field-transfer. two parts m~ust be

used. For the transfer to the storage section the number entered is

alho Lhe cube of the transfer efficiency but the only vertical

transfer is made, so half as many transfers are made for a square

device. The second part is identical to the line transfer, having

both vertical and horizontal transfer. An efficiency of at least

99.91% is presently attainable with state-of-the-art MOS fabrication.

For actual simulation of known device characteristics, the

contrast of target to background may be varied as is necessary.

Any target may be used for the recognition scheme. The only pro-

vision is that the target approximation must cover a rectangular

array of cells. Digitized target patterns are easily obtainable and

may be used directly by the scheme. With slight revision, the pro-

gram c-an also provide target acquisition as well as tracking.

One great advantage of the CCI) mechanism is that it is self-

scanning. This mechanism provides the ability to observe the cells

one at a time as one might observe bits in a shift register. The

-grey levels are easily chosen and implemented. Thes uses for the

CCD imager as a tracker necessitate compactness and agility. In

~, 77
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order to process the information from the CCD where several grey

levels are not necessary the information may be encoded directly as

it is clocked from the array sensor. If the information is bi-

level (0 or 1), as shown in Figure 24, the black and white informa-

tion may be encoded as run-lengths of cells. If several grey levels

are necessary, the difference between grey levels is encodable with

large dynamic sensitivity. A great deal of redundancy exists in

black and white imaging. If a priori knowledge is available on the

background, a good "educated" guess can be made as to the probability

of various run-lengths. With this knowledge, the information can be

encoded with a large savings in the number of bits necessary for

reconstruction for the image scene. A one-zero representation of

Figure 24 is presented in Figure 25. If this "scene" background is

assumed to have a Poisson probability distribution with an average

run-length of 5, it can be encoded as it is clocked from the array

using the Huffman code generated from the appropriate distribution.

The encoded sequences are given in Table 24 for lines 40 through 60

of Figure 25. Since the target is not accurately represented by the

Poisson distribution, it is easily recognizable. Even though the

image of Figures 24 and 25 i. not accurately represented by the

Poisson distribution, the number of bits necessary for description

is reduced and the target pattern is easily found in the sequence.

Perhaps a better distribution for description of the scene is the

modified binomial distribution previously described. A program is

presented for this encoding, along with the code to be used in its

table look-up procedure in Appendix B. ~1
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Table 24. Encoded Sequences for Lines 40
Through 60 of Figure 25.

1*011 0*1010 1*011 0*0010 0*1011000

0*010 1*011 0*100 1*1011000 1*1010

1*00110 0*100 1*000 0*0010 0*1010

0*1011000 1*1011000 0*00111 1*00111 1*00111

1*1010 0*11 1*00111 0*1010 0*00111

0*1010 1*1010 0*011 1*011 1*100

1*011 0*011 1*000 0*00110 0*011

0*1010 1*011 0*010 1*100 1*00110

1*010 0*11 1*00111 0*100 0*000

0*010 1*1011000 0*1010 1*100 1*010

1*1010 0*00111 1*00111 0*011 0*11

0*0010 1*011 0*1011000 1*0010 1*1011000

1*11 0*11 1*0010 0*11 0*00111

0*1010 1*1011000 0*1010 0*000 1*011

1*1011000 0*100 1*1010 1*1011000 0*000

0*000 1*00110 0*010 0*1011000 1*000

t1*0010 0*11 1*11 1*1011000 0*1011000

0*0010 1*00111 0*100 0*011 1*1011000

1*1011000 0*00110 1*0010 1*11 0*00111

p0*0010 1*0010 0*1010 0*00110 1*1011000

1*1010 0*0010 1*010 1*1011000 0*1011000

0*010 1*100 0*100 0*011 1*1011000

1*00110 0*00111 1*1010 1*1011000 0*0010
0*010 1*00110 0*0010 ("Oil 1*010

1*000 0*00110 1*1011000 1*00110 0*000

0*1011000 1*0010 0*010 0*1011000 1*00111

1*1010 0*00110 1*100 1*00111 0*11

0*000 1*00 0100 *101000 *01
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Table 24. (Continued)

1*000 { 0*lOllUOO 1*11 0*1011000 0*00111
0*11 1*1011000 1*000 1*00111 1*100

1*1011000 0*1011000 0*010 0*000 0*1011000

0*11 1*000 1*00110 1*00110 1*0010
1*010 0*000 0*100 0*0010 0*010
0*100 1*11 1*011 1*11 1*000
1*000 0*1010 0*11 0*0010 0*11
0*00110 1*1010 1*000 1*100 1*000
1*011 0*00111 0*1011000 U*1011O00 0*100

0*1011000 1*0010 1*1011000 1*1011000 1*011
1*1011000 0*011 0*1011000 0*11 0*1010
0*1011000 1*1011000 1*00111 1*0010 1*010

1*00111 0*00110 0*1011000 1*010 0*00110
0*1011000 1*11 1*1011000 0*1011000 1*011
1*1011000 0*000 0*00111 1*010 0*11
0*11 1*11 1*1011000 0*1011000 1*000
1*010 0*011 0*011 1*1011000 0*0010
0*00110 1*011 1*1010 0*00110 1*1011000
1*010 0*1010 0*00110 1*011 0M0O10
0*010 1*011 1*1011000 0*0010 1*010

1*1010 0*1011000 0*00110 1*00110 0*100 I
0*00111 1*1011000 1*00110 0*00111 1*1011000
1*000 0*00111 1*1010 1*00111 0*000
0*100 1*1011000 0*00110 0*1031000 1*11
1*00110 0*1011000 1*1010 1*00111 0*011
0*000 1*100 0*010 0*1011000 1*1011000
1*00110 0A11 1*100 1*00111 0*000
0*00111 1*010 0*00111 0*0010 1*1010

1*11 0*010 1*00111 1*1010 0*010
0*1011000 1*011 0*1011000 0*1011000 1*0101*1011000 0*11 i*io11000 1*00110 0*011
0*00111 1*011 O*O00 11 0*1011000 1*11 ),i

1*1011000 0*00111 1*1011000 1*100 0*00110

SY -r
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Table 24 (Continued)

1*0010 1*1011000 0*100 1*100

0*1010 0*11 1*011 0*0010

1*010 1*100 0*011

0*1011000 0*000 1*11

1*010 1*000 0*011

0*0010 0*100 1*00110

1*000 1*100 0*100

0*000 0*100 1*0010

1*100 1*1011000 0*1010

0*00110 0*00110 1*1011000

1*1011000 1*00111 0*0010

0*0010 0*00110 1*1011000

1*000 1*00110 0*011
0*00111 0*100 1*10110000

1*11 1*100 0*1011000

1*1011000 0*011 1*0010

1*100 1*011 0*1011000

0*1010 0*1010 1*00110

1*11 1*1011000 0*00111
0*0010 0*00111 1*1010

1*1010 1*1010 0*1010

0*1010 0*000 1*00110 4
1*11 1*00110 0*1010
0*00110 0*1010 1*00111 1
0*010 1*100 0*11
1*00111 0*00111 1*0010
0*00111 1*0010 0*1011000
1*00111 0*1011000 1*100

0*11 1*00110 0*011
1*1011000 0*0010 1*11
0*00110 1*00111 0*0010
1*000 0*0010 1*1011000
0*00111 1*1010 0*010



CHAPTER V

CONCLUSIONS AND RECOIMENDATIONS

The CCD mechanism lends itself to imaging systems that are

certainly commensurate with the device capabilities. Most of the

parameters of the SSID as used as sensors in trackers are not the

limiting characteristics. The parameters of the tracker provide

the limitations in most cases. System degradation due to sensor

characteristics are mostly charge transfer oriented. This study

shows the CCD to be capable of handling up to 10 MHz operation

which i& sufficient for most tracking application.

The •mll size and low power requirement indicate the strong

impact on image tracking where limited space and power availability

are factors. As evidenced by this study, with adequate transfer

efficiencies, the accuracy of the position of the target to which

each emergent charge packet can be assigned, sensitivity, and dynamic

range, give these sensors wide application in the field of target

acquisition and tracking.

The devices are easily modeled, giving simulation results which

can be used to predict the accuracy of a tracker utilizing the CCD

or CID. The device parameters (transfer efficiencies, contrasts,

target patterns, background distribution), are estimated and then

used by the simulation program to predict the behavior of a tracker

using the device as a sensor. The routine is easily incorporated

into target recognition schemes and tracking algorithms. One such
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algorithm is the correlation method for target or image tracking.

The study of this tracking technique as applied to the CCD simu-

lation is suggested as a possible extension of the work.

The issue of buried channel versus surface channel mode is

resolved. Buried channel provides several major advantages in

performance and also simllifies device design and operation. The

charge transfer efficiency for the buried channel mode is high for

the full range of electron packet size, from saturation charge of

approximately 106 electrons to the order of 10 electrons or less.

Obviously, this provides wide dynamic range in straightforward

design whereas, with the surface channel mode, it is necessary to

cope with the level of the variably required "fat zero" channel

current. One criticism of the buried channel device is that the

saturation signal charge density cannot be made as high as with the

surface channel device, and therefore is more limiLea in dynamic

range. On the contrary, the buried channel device offers orders of

magnitude higher dynamic range by virtue of the relatively low

noise )evels.

Image blooming can only be remedied by the incorporation of

over-flow siz.ks which must be applied to each sensor element in

order to accomplish adequate anti-blooming. Even when an image is

excessively intense, smearing occurs in device types where charge is

transferred through illuminated areas. Both frame-transfer and

line-transfer device organizations have this problem; the interline- V

transfer device does not because the phoboelemeut sites are distinct

from the transport register. Where it is a problem, the device must /Il

L _
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be designed and operated in such a way that the smear-producing

charge transfer process is carried out as fast as it is generated.

A compromise solution to the problem is to incorporate only one

anti-blooming charge sink per sensor column. This feature can pre-

vent blooming between columns, but not within columns.

The recognitien scheme used in this work is a simple pattern

search. With a few modifications, the recognition scheme could be

greatly improved to encompass more sophisticated pattern searches

utilizing more complex digitized target patterns. This work is

meant to be a foundation for the simulation of the device itself as

well as its Lucorporation into tracking schemes.

The actual calculation of the parameters read into CCD14AIN can

be accomplished to further the simulation before the sensor is

manufactured. Determination of device response or MTF can be made

from design specifications before the prototype is developed.

It can be seen that for a 100 x I00 CCD sensor array which

utilizes 10,000 photosensing elements, a I MHz clockrate will yield

a frame rate of up to 100 frame/sec. This frame rate is certainly

high enough to maintain track in any of the trackers surveyed in the

study. The transfer efficiency necessary to maintain pattern

recognition in the simulated scheme (99.90%) is easily attainable at

such a clock rate. Therefore, even with clock rates as low as 1 MHz,

adequate missile crackers utilizing a CCD sensor are realizable.
i

When utilizing this method as a missile tracking mechanism, the

need for data reduction is evident. The scheme for encoding the run-

lengths of white and black cells as they are clocked from the array

I-
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.6s introduced. The Huffman coding scheme is used with the table

look-up method of codeword assignment. Sample encodings are made

using codes derived from Poisson probability distributions with a

mean of five and with a modified binomial distribution utilizing

consecutive runs of while and black cells. It is evident that more

knowledge of the background scenery encountered is desirable. The

more closely the distribution can be approximated, the more reduction

that is possible. Other distributions should be investigated and

actual digitized scenes should be analyzed to determine the optimum

code for a particular application.

The encoders for these operations are very easily implemented

using simple digital electronics and could be incorporated into the

peripheral electronics of the clocking waveform generators and output

amplifiers of the device. This possibility creates a need for

special chip design for special applicationa such as trackers, both

with onboard tracking and onboard transmission of data to ground

stations.

The idea is already being used for storing pages of literary

information by encoding the outputs of linear reticon arrays. lTese I
encoded dataare available then for instant recall. Up to 30 to 1

reductions of such information are attainable in present systems.

The need for an extension of this work into the area described above

utilizing charge-coupled devices and area array. is apparent. f

Sarray
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A Synopsis of the Computer Routines

Used in the Parameter Study

All of the software development, simulation, data recrieval and

data reductionart done on the Univac 1106 Multiprocessor fcillity

available on the Mississippi State University rampus. A listing of

the software used follows this synopsis. All of the programs except

one are written in Fortran IV and Fortran V. The one program used

for data retrieval from the 9-track 1;Z compatible tape is written

in Univac 1106 assemblur language. Since the data tapes use 16 bit

words, the word lengths are changed and manipulated to achieve the

36 bit word length necessary for use on the Univac facility.

The computer software are discussed in three separate sections

as related to their use in the study. The data retrieval programs

and subroutines are discussed first. These programs include file

manipulation on tape, word length translation, error calculation and

a Gould plot routine for displaying either the data or the error

incurred.

The next section listed is th2 CCD simulation using a 100 x 100

element array and Tscilities for element manipulation as well as the

variation of parameters.

The last listing is that for the encoding of the array data as

it is clocked from the CCD. The encoder uses the table look-up

ptocedure and includes a listing of two of the codes used for

exFerimental evaluation of the reduction of bit sequence length.

t
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TAP EREA

(Data Retrieval and Evaluation)

TAPEREAD. DRIVEl

DRIVEl is used to apply scale or calibration factor manipula-

tion to the data after they have been converted to the correct word

length and stored in a buffer (BUFF3). The errors are also derived

from the adjusted tracker output and targeý position for each time

interval. Both x- and y-position errors are calculated and either

may be transferred to the plot routine, PLOTIT. The pragram also

contains the ability to test for tape translation errors.

TAPEREAD. CONVRT

Subroutine BRKOUT takes the 36 bit words stored in the 960 word

buffer (CUFFl). some of which contain more than one olece of data

information, and separates them out into individual computer words

using the Fortran V FLD(I,J,M) function. The FL.D function allows

bits I through J from word M to be transferr(:d to a bit sequence of

another word. These words are stored in BUF73.

TAPEREAD. ASMRD

TREAD* reads the data tape one record at a time. One record is

equivalent to 960 16 bit words of 426.67 36 bit words. Therefore,

three records mast be read in order to fill an integer number of 36

bit words. The 36 bit words are stored in BUFF1 and the 16 bit words

are stored in BUFf2.

t
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COIVRT* takes the data from TREAD* and transforms the 16 bit

words to the usable 36 bit words necessary for the subroutine

aRKOTrr.

TAPEREAD. PLOTIT

Subroutine PLOTIT uses the data transferred from DRIVEl to

generate a Gould plot so that the position error or actual position

of the target can be evaluated for each run under consideration.

CCDSIM

(CCD Simulation)

CCDSIH. CCDMAI N

CCDHAIN is the main device simulation program on which any image

cam either be generated or read. The parameters for the device are

Also read into the routine, affect the charge transfer and target-

backgound contrast, as well as provide the grey level determination

for target recognition. Any target can be placed on Lhe image our-

face on any row-column location desired.

The program utilizes degradation of the ioage scene as deter-

mined by the transfer efficiency, TREFF. Both charge loss and

residual charge addition affect the clocked array image.

I ~CC)SUI. SEARQI

This routine searches throughout the previously clocked array

for any target pattern stored in the target array, TARGET. The

location of the target area is givwn and the transfer efficiency of

the device at which the array was clocked. The grey levels within

A..
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which the pattern of the target must lie are specified to enable

the u.;er to either track contrast differences or specific patterns.

If the transfer efficiency is suf:'ciently small 9o as to inhibit

target recoognition, the CCD is said to have lost target track. In

this case, the last available position is given along with the

transfer efficiency at which the target was lost.

CCDSIM.PATGGN

PATGEN generates a random sequence of run-lengths of white and

black cells used in the evaluation of the possibility of encoding

the array data as they are removed. Once again, the crea pattern of

the target is placed at any convenient location on the scene image

and is encoded as well.

CCDSIM

(Encoding)

CCD6IM 1. CODE

i
t The routine used for encoding the scene image utilizing a mnodi-

fied binomial probability distribution is ENCODE. The run-length

is counted and Identified as either I's or O's (black cells or white

Ue s). The newt sequence is also counted. Therefore, a run-lengthA would be described as n l's and a O's or vice-versa. The probability

is assigned as

P(S) - p q , (a)

whete p is the probability of a I occurring and q is the probability

I7
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of a 0 occurring. such that p + q - 1. In the runs made. p - 0.6

and q - 0.4. A run m might appear as

11111)000

und characterized as psq 3 . P(S) is thus 0.00498 and is associated

with the Huffman codeword 00010110.

CCDSIM. ENCODE2

If the run-langths are to be characterized by either a run of

l's or a run of O's, but not both coasecutively, a separate encoder

is available. ENCODE2 counts each sequence and identifies it as a

run of either l's or O's, then chooses a Huffman codeword from the

code library to transmit or store.

CCDS IM. POISCODE5

POISCODE5 contains the codeword library used in the look-up

procedure for an encoder similar to ENCODE2. The Huffman codewords

are generated from a Poisson probability distribution with average

wordlength 5. This codeword library is taken from an earlier work

in the area of redundancy reduction.

CCDSINX. MODBICODE

This library contains the Huffman codewords generated from the

modified binomial distribution previously described. The library

willbe given in Appendix B. This codeword listing is also taken

from the work done previously in redundancy reduction.

_____________________________ __________ -
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CCDSIM

(Pictorial Description)

CCDSIH. IMAGE

The next program and subroutine are utilized in giving a

pictorial description of the CCD image surface before or after the

clocking from the array. The picture generation shows the degra-

dation of the image as well as the delay produced by low transfer

efficiencies. IMAGE usns the data on the CCD to generate each -I(.-

ment in one of a possible nine grey levels that may be specified in

any manner so desired.

CCDSIM. DATAi

SDATAI provides the array description to be used by IMAGE. The

data are read from a tomporary storage file (having previously been

cataloged by CCDSIH.CaGDAIN).

CCDSIN

t (Target and CCD Characteristics)

CCDSIH. TARG•

TARGET is the alaiIet used to describe the target pattern

utilized 4n the SAMi routine as weil as in the main p-ogram for

storage in the array.

I
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CCDSIM. CCDCHAR

CCDCHAR contains the initial parameters of the charge coupled

device. These are used for characterizing the operation of the

device and, in addition, target placement, contrast, end grey level

tolerances. The data available in CCDCHAR are used by CCDSII4.CCIIIAIN.

426
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TAPEREAD VARIABLE LISTING

BUFF1 BUFFER STORAGE FOR THE 36 BIT WORDS CREATED IN
THE SUBROUTINE CONVRT* FROM THE 16 BIT WORDS IN
BUFF2

BUFF2 BUFFER STORAGE FOR THE 16 BIT WORDS READ FROM
THE DATA TAPE

BUFF3 DATA INFORMATION WORDS-CONTAINING ALL OF THE
INDIVIDUAL TRACKER DATA, SUCH AS POSITION, ZOTS
DATA, AND TIME

BUFF4 ZOTS VOLTAGE OUTPUT INDICATION OF THE X POSITION
OF THE TARGET

BUFF5 ZOTS VOLTAGE OUTPUT INDICATION OF THE Y POSITION
OF THE TARGET

BUFF6 TRACKER I1DICATION OF THE TARGET POSITION IN THE
Y DIRECTION

BUFF7 TRACKER INDICATION OF THE TARGET POSITION IN THE
X DIhECTION

ERPZ TRAQCER-ZOTS ERROR IN THE X DIRECTION

ERFY TRACKER-ZOTS ERROR IN THE Y DIRECTION

SCLTM IRACKING TIME

APPROX LINEAR LEAST-SQTIARES FIT TO REMOVE ELECTRONIC
NOISE

ERnXA TRACKER-ZOTS ERROR WITH ELECTRONIC NOISE REMOVED

SCALE1,SCALE2 SCALE AND CALIBRATION FACTORS FOR ADJUSTING BOTH
SCALE3oSCALE4 TRACKER POSITION AND ZOTS INDICATION
NADJ

fA
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CCDSIM VARIABLE LISTING USED IN TRANSFER

TREFF TRANSFER EFFICIENCY ASSOCIATED WITH THE CCD
ASSUMING ONLY ONE TRANSFER PER PHOTOSENSITIVE
ELEMENT (SEE TEST RESULTS FOR VARIATIONS FOR
DIFFERENT NU)MBERS OF PHASES)

CCD CCD ARRAY BEFORE CLOCKING THE IMAGE OUT

XCCD CCD ARRAY INFORMATION AFTER CLOCKING THE IMAGE
OUT

TSTPT DIGITIZED TARGET SIGNATURE

TRLESS AMOUNT OF REDUCTION IN TREFF FOR EACH ITTERATION

COUTR TARGET-IAAXGROUND CONTRAST

TOLER GREY-LEVEL TOLERANCE USED IN TARGET RECOGNITION

MAX NUMBER OF ELEMENTS SUBTENDED BY THE TARGET

NN NUMBER OF ELEMENTS IN THE FIRST ROW OF THE TARGET

IFLAG TEST FOR RECOGNITION OF THE TARGET

TSTPMl LOWER LIMIT ON THE GREY-LEVEL TOLERANCE FOR
-- TARGET RECOGNITION

NXPOS X POSITION OF THE TARGET

NYPOS Y POSITION OF THE TARGET

TSTPP1 UPPER LIMIT ON THE GREY-LEVEL TOLERANCE FOR
TARGET RECOGNITION

-j t6
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uA 6 LUSV,&4--rAa*'u&.f ,..U~gl, l1

F MANW-LM tt I AItI.L -IWJ L4JW At 9.0
r L l &'..DSI" lA~lMlAW aA~ * O T0 --
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CCDSIM VARIABLE LISTING USED IN ENCODING

CCD CCD INFORMATION4 ARRAY TO .- ENCODED

CODE CODEWORDS ASSOCIATED WITH THE VARIOUS RUN-LENGTHS
FOR THE MODIFIED BIN(MIAL DISTRIBUTION OR FOR
THE POISSON DISTRIBUTION

MAXRUN THE MAXIMUM NUMBER OF CONSECUTIVE ONES OR ZEROS
EXPECTED IN A RUN

u T

tI,I

4

1 i *1

' j s

L.•''!'-J
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BEST -AVAILABLE .Copy

ýGVWSSF 11 .04COUL.
I stiekoJrlU4 C.NCOIE(CcV)

2 &JII4&~HdON CCU(LOUP 1UOJ PCODk.(lUo LU4)

A ~ U abfl I IM1.1111

a4 114 AI ( 4 u~.a(,JJiI
b lFLUt)jL~~b 00 WL 2*

IleG 1)

a ~ rcu~hIw-OF.'I I1=~.U1.IL.U6 Or,2

IS ~t' h Cf % flTht-1J

ab LPG.Tt.lLL..1UU) (A) T b

k911(%lHfiit.6LLaLlfJO WaO TO ~4

ka. 0(ilt.6f&LLoZuU0) 1$)T 44
344 9 NHA It 1 elAb)

I.$.~i IIQ I.A (a I 'at la t u
36 ~~2 10+ 11L W!, :Lull
4?lU 1OMHAU *e0TH FIR.'T PWRiION* OF A COU& SLWdUEHCL

'41 LUNT

14b 6LiUOdsUL(t TO 14

14f.V1 I fAT:I

tA I tC4U4(LfLr.,JfLST)*Lk.O.6) 0T8

42 IJL( a Ut)) W. TV L44
An sflr =1A4.np% gin 7(1k

log 10TU0
61 gu UNU

Lb
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BSTFAVAILABRE COPY
I U1Mt.ilSON GCIJIIUO,100J#CUL)hAIUOk3)a LAU(5*lb) MAXNUN

lb FOMI4AI(L'4)
b 14 9OIMA 44Aij)

sk I (CCV(1lJ 1J).LL#0#6) GO TO 2

17 IF(Jj.1reluiI) 10 UC 3
Ad1 9 CONT1IIUL

al VuIOH4I4A1t ll*e'1*'.6)

idoJ...1lU (MJ TO 14

311 t1 1+1 LeJbILtt) LT2

41 ~ ~ ~ Afeb*01 (it' TOu 12

12 %Tnp
LIMJ
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fogBESTAVAILApB[E Copy

1 lJINU4bLl.hN X(lU0)eCC~Dl0U,1IU0)#TSTPTc 100)

b I 1_ Z

9CLAL,(bell) INAU~,lt4YPOS#14NekUNLEN

IA 4
19LALLNIUU(A.~T5lT(U #Ul~4

10 1

1Q14

16r u I

Fil4s(iO 0TU 11iaToi~It91 ILLM

.~~tb ~ LUN It 14-LIA, M X
U1 4COWI AU RJILf.Jtj

J4S ALU19
"U~

UG10iCI 1t#PA
.14..=A I.JA.6u uo lI

41 12 WITL &W (~lJ~vJ ) #%ZzllOI
42 Sl O
aA. ti
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BEST- ýAVAI LABLE COPY
4# Uull

sj lluul
die lullulii

1 3 l il t l I llo I
1Ul~ullIuol

IOIAUU111jIU

I lullulll I



BEST AVAILABLE COPY12

10
UU1

6 UIUkLU

111
$I pI I AMA

1.7 U1uolil

so U1111UI u

MU lhIJll

I Ai1U 1

uU1IUuu--

.1311 1~ u I

JI U 1 UIuAu

4)OUUIuI lfU

IAI
M fh aU .U I ~IIII9I

'49 UNIIOuIIILUII

b7 Uollluillll

4)liltlol A ,III

NA M 8 1 __ __ _ ) I I. full.

lullillil.
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BEST -AVAILABLE COPY

'I3 i lulllou
i~eUli I I u I (ltlu

I'16 u Ul IIIuull uiuul

lull,,UiI lk .ilu Uu YUU
u111UulIIUIUUIUUI
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CCDSIM VARIABLE LISTING USED IN IMAGES

CTPTS THE OUTPOINTS FOR THE DETERMINATION OF THE

GREY LEVEL RANGE OF EACH POINT

NOPTS NUMBER OF OVERPRINTS USED IN THE PRINTOUT

NGLEV NUMBER OF GREY LEVELS UTILIZED

NX STARTING X POSITION OF THE ARRAY

NY STARTING Y POSITION OF THE ARRAY

TRAY THE SYMBOLS USED FOR EACH OF THE OVERPRINTS

DLiNE DATA POINTS FOR EACH LINE OF THE ARRAY

I

I

!*
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BESViAVAILA&E. copy

I UMESIO OHAY(IU#IPS(7#IN'(11eI9)boIOtHA~t'l

# L llb, ta LILO?4 f- Irit VK04W.AM ML.AOf gift NUMULCl OF COLUMNS4
'I C A14U MUWS 10) HLt PRUCLL61kuo *ML~ NUHUL14 OF Uk..#OIRhIWTSP NU'4UER

I1 C CF UL.CkLIL LtI~l,T LLYLLS ArA4U Ie* COUIUII4AiS JF THL 11W

C lliL 14LA. LAM)~ fr'1UVULb6 111L U1'PLIU UOUwJu curui-+ Putiriji(ILAL)
4 C IN LU 1-NAIiILU LAWuvJr.

4; -NALLY TllL OVtlhP.(hiol S0WUL tAU3LE IS READ INTO A IWO UIMENSIONEO

16 C

"Ial II-IIM I flt at' 1 I .10 .............. ill1~j

ie2 M~wklLAUb# I IU) (ýM.Is (M 4= tLkAU7

~J7 i~t-kUUU U

Ug lb Ktju~Z.#

J~.ilb COM IfAUL
146 NWX1I'.,wx

.1,1

'446'AM IU Ll5 '&O
~II=A 04) lue.,KL

be) .55)~~ CALL) UAA(LN.10

141 AKK~4 #10TJ I AMIL~V)40 ud~yz
4PAL, I-K.L9L W. &L.Mt IlAUM oUTIM HC

44 P.,U CUMI.TILdt

bY 30b CALL ULNAI).AL(UIoNlP

1M rki M-u I. I~ -t
bA ALL.ii4.i.(ISN)(UT !

61 (XTO%
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BEsVAVAILApL OPY
~~T LWIIU

17 C UIA1IifUA A CUf4UI'UO FUN LACH I'UbbIULL bhZXLL. VALUL.

eo KI:ITRAf(M)
62 UU bu N=IotM)Iprs

klILtba~hU)LKUUtJr.LKVLM44r,((UNAY(lJ)eJ;1.loll)el:1NOI~rb)
AIv4K~ueMftdJ*eNyh, 10 du

90 UU Wk.HTLtbe2.$b

L)O 941 K#4ZLtj~LLV

b0141411(I

t LI~0 30 10141AI% '(--------IAI

iAL 2b0lft I-OIhrIAr('2l 1

lu )f 11A tle109*ANU OUN 01 X4EO 0#13@ U N UC'OFLI
2913 HNIIJ If4Mr G'14s . Nmt 16(AYLLS .)/YUO

bii VL"Ifja rAyI'W)I

.4.1 ift) -01,4A( 410)02ut$CLSS LH/LASSRANE/CASSUY~kULU;Y9//v14p
'Au

Li -.UI-...-----.1(b 1# AJ

114 ~~~~~~* 2.%r-04ArU /
u".

11J.6 u~ikCUUNT~92v411I//



~~ BEST AVAILABIRECOPY

bUdaZUfLN4L UAIA(ALINtoNI
A U1, MP..UN XHAY( LOU) PAL114L(110) #b*AUEN(LO)

b ML~kAUv.1UO1)a.i.L,'U4:

V ~LNTetY UArA1(ALItd~.sJ
10 MLAU410IMAHA

14 HL 1,M(N

£6 UU1 I ~Obi.;A 14UAb)
16 AU04I-Ok4A11'th'vL'e P1XILL3 SKIPKU FR4OM LE~FT OF FILE.$$
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The introductioni of the solid-utate imaging davice provides a new con-
cept in seneor types which may bei utilized in target trackers. Solid-state
Imagers do not require the high voltage technology used In conventional
vidicons. Also, the possibility of on-chip signal processing of the video
information makes the device very att~ractive in the area of scene evaluation.
However, the devices actually provide a sampled Image and have certain charac-
teristics which limit their utilization as trackers or target acquisition
sensors.

DO IO" 3 Krtcw01,1 04 GoIs 40OCY4UNCLASSIFIED

'?D lu ~ sCUMTV CLAMWIFICAISMOF TOO$ 10' AG (~M De .I 0



saCYcusv CLASSIVICATM* Of 71IS PA 4 Ct[(when cold, X.00'• )
I, - • i

The purpose of this study is three-fold. !'he first part consists of

evaluating five existing trackers which utilize solid-state imagers as
sensors. These imagers are of three types: charge-coupled devices (CCDs),
charge injection devices (CIDs), and photodiode arrays. These trackers are
investigated as the contrast, Irradiance, and target velocity are varied on
tim Image plane.

Since the charge-coupled device shows great potentiul in this area, the
next portion of the study is devoted to the evaluation of the CCD as a
sensor in a tracking Gr target acquisition algorithm. Parameters are
varied in a CCD simulation scheme to provide char&cteristics for the device.
Contrast, target pattern signature, transfer efficiency, and grey level
element tolerances can be varied for the simulation. The simulation pro-
vides a 100 x 100 elemnt three-phase interline transfer device.

The last part of the study is devoted to the investigation f coding
the video data as it is clocked from the array. The Huffman coding scheme
is used to eliminate data redundancy by rin-length encoding. The possi-
bility of target acquisition from code sequences is also examined.
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